Abstract -A routine toxicity test of the alkaloid extract from the Ecuadoran poison frog Epipedobates ant honyi gave a Straub-tail (S-T) response on sub-cutaneous (sc) injection in mice, a phenomenon never seen before from any poison frog alkaloid. It is characteristic of opioids; however, in this instance it was not blocked by a morphine-antagonist, naloxone. Its site of action was soon shown to be a nicotinic receptor. The determination of the structure of this novel analgesic named epibatidine has led to a renaissance of research into controlling pain via nicotinic pathways (thereby minimizing the risk of tolerance/addiction) and the synthesis of many analogs, some of which are discussed.
DISCOVERY AND STRUCTURE DETERMINATION
In 1974, while routinely screening frog skin extracts for toxicity from specimens of a frog then known as Phyllobates anthony!, collected with Charles Myers in February, 1974 at Pasaje (44 frogs) and Sta. Isabel (10 frogs), Ecuador, John Daly recorded in his notebooks a phenomenon he had never seen before, an S-T response. He recorded a typical sc injection of the Sta. Isabel extract equivalent to 100 mg of wet skin:
"agitation, labored breathing, pronounced S-T, running convulsions, 3 mm on side twitching, still pronounced S-T, rolling convulsions, arching back, extends hind feet. . . cannot locomote, still rights itself readily." This arching and rigidity of the mouse tail after sc injection John knew was characteristic of an opioid. Running an analgesia hot plate assay, John realized the extract had indeed powerful analgesic properties; later this analgesic was found to be 200 times more potent than morphine on a weight basis.
He showed in 1978 that the S-T response was not blocked by naloxone and consequently the analgesia was not dependent on an opioid receptor. The response was seen from frogs of both sites (which were quite different in color and size) but only in some populations; no correlation with color or habitat was By 1979, using the tools available to him, John had determined the analgesic substance was present as a trace material of m/z 208/210 on the tail side of a major GC peak (emergent temp. = 218 °C) for pumiliotoxin 251D, 1 and reproducibly confirmed one chlorine in the molecular ion by low resolution ElMS. One D-exchange was detected in CIMS with ND3. The 1976 collection provided a conservative estimate that 2.5 jig of the analgesic compound would cause a pronounced S-I effect. We estimate from integration of the total ion chromatogram of that extract that each frog in that collection had 2 jig of the 208/210 alkaloidal S-I substance. The S-T bioassay was gradually supplanted by a GC assay based on the 218 °C peak. All of the extracts were very toxic in the bioassay with mice, even lethal within minutes, at the amounts being injected.
John was understandably still skeptical however that a naturally occurring chlorine-containing alkaloid was responsible for the S-I effect since this would have been the first example of a chlorine-containing alkaloid detected among the 200 or so amphibian alkaloids known at that time, thus an impurity or an artifact of isolation was considered more likely. Repeating the alkaloid partitioning with chlorine-free acid and solvent eliminated the latter but the impurity possibility was entertained for years, mainly because of the capricious appearance of the S-I effect. Arguing against the early HRMS data (Peter Roller), which indicated a formula C1 H13N2C1 for the 208/2 10 compound, was John's instinct that its polarity relative to nicotine on ILC (Rf 0.25 vs. 0.70) required the presence of at least one hydroxyl group. Other HRN4S data was incorrectly interpreted indicating one or more oxygens in the molecular formula. Using a GC-microwave plasma detector (MPD 850), a formula for m/z 210 of C10H11N2O35C1 resulted confirming chlorine and an anticipated oxygen but ultimately this proved misleading as did the HETEROCYCLES, Vol. 79, 2009 209 results from a double-beam high-resolution MS-30 instrument that indicated even more oxygens in a C8H15NO335C1 formula for the m/z 208 ion. These side-tracked John for some months until Michael Edwards in 1978, using HPLC with material partially purified by silica column chromatography, provided nearly pure samples of the S-T substance and conclusive mass spectra using N2-NO for ElMS (with an enhanced molecular ion) and CIMS with methane or ammonia and these showed m/z 208/2 10 and 209/211, respectively. During the silica chromatography, only 40% of the S-T "mouse units" were recovered in the five silica column 208/210 fractions. The FIPLC fractions (amounting to 1.5 mg of nearly pure material) were then partly consumed in fruitless chemical reactions such as trimethylsilylation, hydrogenation and acetylation (acetylation yielded ambiguous results initially). Because of the observation that the 208/210 alkaloid was absent in many collections or populations of the same frog, John continued to suspect it was a pyrolysis product and the true analgesic was a parent 308/310 substance. On GC, the 208/210 alkaloid emerged between the MW 251 and 267 pumiliotoxins, suggesting a higher true molecular weight.
Not until 1984, was it clear to John and his several coworkers that the m/z 208/210 substance was not an impurity but was originally present (or a precursor of it) in frog skin, having an oxygen-free formula, and despite being much more polar than nicotine, had an exchangeable and acetylatable secondary amine NH and reproducibly provided the S-T effect. The concept that the m/z 208/210 compound was a pyrolysis product was still considered possible since some purified HPLC fractions gave an S-T response that did not reach a maximum for 30 mm while others had an immediate effect. That behavior now appears to have been concentration-dependent. Some preparative thin layer and silica column chromatography did, however, indicate a second, lower Rf S-T component to be present, although it was less active. Some MS also indicated that formulae for m/z 208/210 were fragment ions as even numbers of H were mass-measured with one N only. At this point, Edwards undertook the synthesis of two structural possibilities for the m/z 208/210 chlorine-free nucleus of the putative "pyrolysis product": 1) an analog of nicotine and 2) an amidine derivative. Neither product had any analgetic effect and further synthetic work was abandoned.
John, like Captain Ahab obsessed with Moby Dick, continued to invest time, manpower and instrument dollars into solving the structure of the elusive m/z 208/210 substance whose presence in P. anthonyi (D. tricolor) skins was erratic and whose amounts were frustratingly variable.
We bought our own MPD but found it troublesome. Then in the late 1980's, John bought a bench top Finnigan Model 800 Ion Trap interfaced with a Varian GC having a programmable injector (which tended to rule out pyrolysis producing the m/z 208/2 10 compound) and an HP5965A vapor phase IR spectrophotometer. JR spectra conclusively ruled out any hydroxyl group and ruled in a likely chloropyridine moiety. At this time John adopted a moratorium on further bioassays, purification or chemical characterization work, allowing only some GC studies. Raising the stakes higher was an international CITES agreement that pretty much shut down any further collections of dendrobatid frogs, even though many were not endangered. John had used so much of the m/z 208/210 substance from the Ecuadorian frogs, either from the repeated bioassays, or in mass spectrometry, that less than 1 mg of material remained. Every cutting edge or routine MS instrument available had been tried but often ambiguous data resulted. The originally used JEOL instrument had in retrospect, provided some of the most reliable data. The m/z 208/210 was always a trace and in GC followed closely the often overloaded pumiliotoxin 251D, 1, that invariably gave perfect HRMS data with any instrument. This was rarely true of the m/z 208/210 alkaloid. One huge collection from a banana plantation near Pasaje, frustratingly gave no S-T effect at all and had in fact, scarcely any alkaloids. We now surmise that the 1730 frogs collected there had been feasting on alkaloid-free fruit flies and the optional arthropod prey was scarce or ignored.
The dietary hypothesis was not formulated until near the end of the structural work on the S-T compound.
Then the fruitless attempts to isolate it or any alkaloids from captive-raised D. tricolor or F1 offspring as well as the seemingly random occurrence of the 208/210 alkaloid and other alkaloids in wild caught frogs could be explained. The arthropod source of the 208/2 10 alkaloid is still elusive.
By 1991 our own 500 MHz NMR spectrometer became available. Fortunately, the partially purified extract containing minor amounts of the m/z 208/210 substance that remained, had been shown to be stable in long-tenn storage at -5 °C. Our lab then purified the remaining sample (see Conclusion) and a simple 1 D 'H-NMR revealed the structure.1 Not until the structure 2 was known, was the name "epibatidine" applied; by that time the two frog species had been folded into one, Epipedobates tricolor, and now it has been renamed Epipedobates anthonyi. The name epibatidine came from p2pedobates and the fact that it was a diamine, tactfully removing the middle part of the name of the frog for different connotations in Spanish. Nothing is known about epibatidine biosynthesis, not even if the frog, Epipedobates anthonyi, makes epibatidine or sequesters it from a yet unknown dietary source.
FROM EPIBATIDINE TO DRUG-LIKE ANALGESICS
The isolation and characterization of epibatidine, like much of John Daly's research, was responsible for a renewed interest in natural products as potential drug leads.2'3 The unique structure of epibatidine led to considerable interest in its synthesis and groups led by Broka,4 Shen,5 Baker6 and Corey7 synthesized epibatidine confirming its structure, with the latter three groups producing the enantiomers of the alkaloid.
Corey and Baker provided the Daly group with the (+)-and (-)-enantiomers of epibatidine to determine that the latter was the natural alkaloid. Both enantiomers had analgesic activity that was blocked by HETEROCYCLES, Vol. 79, 2009 211 mecamylamine, a nicotinic receptor (nAChR) antagonist.8 Unfortunately these promising analgesic actions, observed at doses as low as 10 ng/kg, were confounded by toxic effects e.g., emesis at doses slightly above this dose thus limiting the therapeutic index and the potential for therapeutic use. However, since epibatidine was non-selective in its interactions with the various subtypes of nAChR9 and its analgesic effects did not show tolerance,'° there remained considerable interest in the possibility that a nAChR subtype selective compound could represent a novel and effective analgesic agent. Certainly, based on its analgesic potency compared to morphine, its non-opioid mechanism of action and the observed lack of tolerance, epibatidine had many of the characteristics being actively sought for in new classes of analgesic agents."
The lack of stereoselectivity of the enantiomers in their binding and functional interactions with nAChRs has been explained by both occupying similar space in the nAChR binding site12 with the chloropyridyl ring not being essential for activity.8
In 1993, a report in Science on the chemistry of epibatidine'3 came to the attention of an Abbott scientist Yat Sun Or, who noted that the structure of epibatidine, the mechanism of action of which was not published until the following year, was structurally similar to compounds in a series of a432 nAChR selective ligands'4 that Abbott scientists were investigating for potential use in the treatment of Alzheimer's Disease (AD). The first of these, ABT-418 3 eventually failed in a Phase II trial for AD as did the reference standard at that time, nicotine 4, indicating a failed trial. This conclusion was reinforced when ABT-418 was demonstrated to have benefit in an acute trial in AD patients.'5 In searching for additional indications'6 from the broad library of nAChR agonists'7 that existed at Abbott that also included ABT-089 5, Stephen Arneric, Mark Holladay and co-workers had initiated studies on the potential use of nAChR agonists as analgesics.'8 Knowledge of the mechanism of action of epibatidine shared by Daly2 prior to publication of the seminal paper8 led to the identification of the pyridyl ether, A-87048 6 and the azetidine-2-pyridyl ether analog, A-85380 7 both of which had analgesic efficacy but retained some of the side effects observed with epibatidine.'8 From a medicinal chemistry campaign that involved over 500 optimized compounds, ABT-594 8 was eventually identified.'9'2° Like epibatidine, ABT-594 was 200-times more potent than morphine, lacking the tolerance and respiratory depression associated with the opioid.2° While ABT-594 reached Phase II trials as an analgesic, it was discontinued due to side-effect liabilities including emesis and nausea that were attributable to insufficient selectivity for the a4f32 nAChR versus the a334 subtype that is thought to be responsible for these side effects.2' Backup compounds to ABT-594 with reduced u3f34 nAChR activity included ABT-202 and ABT-894, the latter of which is currently in phase II trials for the treatment of pain associated with diabetic neuropathy.22 that this type of research would not have been funded outside the unique intramural research structure of the NIH and would have been given short shrift in a more applied environment, e.g., the pharmaceutical and biotech industries. While John's field trips to Central America, Ecuador, Madagascar and other exotic climes have led to him being described as the "Indiana Jones of the NIH", his many seminal contributions to biomedical research require more than a superficial comparison with a movie character.
Scientific research is a far from predictable process with serendipity playing a key role in major discoveries27 despite the current day reductionistic focus on molecular mechanisms. In this regard, the continued role of the basic research funded by the intramural programs at the NIH remains an invaluable and irreplaceable facet of biomedical research. Thus while Daly's research was not considered "applied", his seminal role in driving the potential for nAChR agonists as novel analgesics as documented above and his equally important work in the field of adenosine research28 had a major impact in drug discovery. In the adenosine area, Daly helped to define the relationship between adenosine action and adenylyl cyclase as a second messenger, and the inhibitory actions of alkylxanthines that led to the discovery of the With epibatidine, the expeditions to Ecuador were part of a screening of colorful dendrobatid frogs searching for the always interesting unknown. Following the bioassay experience gained with the BTXs, after extracting alkaloids from the Epipedobates tricolor frogs, John would use sc injection into a mouse to assess toxicity and consequently he serendipitously stumbled onto the Straub tail effect (as well as other very toxic effects). The S-T effect drove John's renewed efforts in discovering the structure and mechanism of action of epibatidine, which was a trace component in the alkaloid extract, perhaps at 1-5 j.tg/frog. While the BTX work was a tour de force in the 1 960s mainly for the isolation of these alkaloids, clever NMR experiments at the time and crystallization of a derivative for X-ray analysis, the epibatidine structural work followed less a linear accumulation of reliable data but was, over the period 1974 to the early 1 990s, more of an up and down difficult journey with frequently confusing results, false premises, many detours and dead ends. At some point there was a small amount of epibatidine purified by IIPLC, but NMR sensitivity was then inadequate to the task. That sample was then partly used in other experiments. The final sample, used only for microliter injections on GC-MS and GC-FTIR, contained major pumiliotoxin contaminants. No purifications were attempted for fear of losing the world's last supply. The moratorium on this sample was lifted by John when we could demonstrate on a 5 microliter scale that an acetylation of the secondary NH would make epibatidine almost neutral (the other N of 208/210, we were convinced, was present in a weakly basic pyridine). The pumiliotoxins, being tertiary amines, would not react and could be removed with an acid extraction. Applied to the whole 200tL left, this yielded 0.75 mg of N-acetylepibatidine, and the structure was then analyzed by 'H-NMR. As a side story and bonus, the extracts of Epipedobates tricolor also led to the isolation (21 mg) and crystallization of pumiliotoxin 251D HC1, which provided the structure of this alkaloid through X-ray analysis.37
Structures of dozens of pumiliotoxins, found before and after, many with potent cardiotonic activity, were postulated based on 251D, 1. In some cases the proposed structures were confirmed later by NMR and synthesis. The E. tricolor extracts, what little remains, contain at least 80 alkaloids, some of them still unknown and barely seen in the background of a GC run. There are two other chlorine-containing alkaloids, an N-methyl epibatidine and phantasmidine (the frog is also called the phantasmal frog) whose structure is being elucidated.
The classical paradigm of targeting for investigation an interesting property described by cultural lore (such as the BTX quest), then identifying the active substance, is not antagonistic to another approach: the general screening of natural sources and then finding possibly interesting properties and compounds (such as epibatidine). The latter method is what we envision, with the utmost care, for John Daly's NIH sample collection,38 a potential source for the "next epibatidines."
